The neuropeptide transmitter candidate proctolin (H-Arg-Tyr-Leu-Pro-Thr-OH) was associated with three of the five excitatory motoneurons innervating the tonic flexor muscles of the crayfish abdomen. Proctolin immunohistochemical staining occurred in cell bodies and axons of these three identified neurons. Stained axon terminals were detected across the entire tonic flexor muscle. Bioassay of extracts of the tonic flexor muscles indicated the presence of 370 fmol of proctolin/muscle or 670 fmol/mg dry weight. Bioactivity was eliminated in muscles in which the tonic flexor motor root was cut 2 months prior to extraction and in muscle extracts pre-incubated with proctolin antiserum. High pressure liquid chromatography purification of tissue extract indicated that all bioactivity in the crude extract was due to authentic proctolin. Our findings suggest that these three cells function as peptidergic motoneurons.
The neuropeptide transmitter candidate proctolin (H-Arg-Tyr-Leu-Pro-Thr-OH) was associated with three of the five excitatory motoneurons innervating the tonic flexor muscles of the crayfish abdomen. Proctolin immunohistochemical staining occurred in cell bodies and axons of these three identified neurons. Stained axon terminals were detected across the entire tonic flexor muscle. Bioassay of extracts of the tonic flexor muscles indicated the presence of 370 fmol of proctolin/muscle or 670 fmol/mg dry weight. Bioactivity was eliminated in muscles in which the tonic flexor motor root was cut 2 months prior to extraction and in muscle extracts pre-incubated with proctolin antiserum. High pressure liquid chromatography purification of tissue extract indicated that all bioactivity in the crude extract was due to authentic proctolin. Our findings suggest that these three cells function as peptidergic motoneurons.
A precedent for this is the proctolin-containing postural motoneuron of the cockroach.
The pentapeptide proctolin (H-Arg-Tyr-Leu-Pro-Thr-OH) was first found in high concentration in the hindgut or proctodeum of the American cockroach, Periplaneta americana (Brown, 1967; Brown and Starratt, 1975) . It was proposed as a candidate neurotransmitter in the hindgut when application of the peptide was shown to produce hindgut contractions similar to those elicited by stimulation of the proctodeal nerve (Brown and Nagai, 1969; Brown, 1975) . Immunological studies indicated that the peptide may not be limited to hindgut neurons but may be present in a morphologically diverse population of neurons, widely distributed throughout the central nervous system (Bishop et al., 1981; Bishop and O'Shea, 1982) . Among this population, two neurons have been individually identified, isolated, and shown by high pressure liquid chromatography (HPLC) analysis to contain proctolin. These are the lateral white neuron of the cockroach abdominal ganglia, which projects to the heart (O' Shea and Adams, 1981) , and the slow depressor motoneuron of the third thoracic ganglion, which innervates muscles in a proximal segment of the cockroach leg (O'Shea and Bishop, 1982) .
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* To whom correspondence should be addressed, at Department of Psychology, Stanford University, Jordan Hall, Building 420, Stanford, CA 94305. the cockroach and may be widely distributed in the animal kingdom. Proctolin is bioactive at nanomolar concentrations in a wide variety of insect neuronal and muscular preparations (Piek and Mantel, 1977; May et al., 1979; Miller, 1979; Walker et al., 1980) and in a variety of crustacean nerve and muscle preparations (Schwartz et al., 1980; Benson et al., 1981; Sullivan et al., 1981; Bradbury and Mulloney, 1982; Sylvia and Holman, 1983; Watson et al., 1983) . A substance chromatographically indistinguishable from proctolin was detected in the crab pericardial organ (Sullivan, 1979) , and proctolin has been shown to cause contractions of the ileum of rats and mice at a threshold of 10mR M (Penzlin et al., 1981) .
In this report, we show that proctolin is associated with three individually identified motoneurons in a crustacean. These three neurons are among five excitatory motoneurons which innervate the tonic flexor muscle of the crayfish. This neuromuscular system has been extensively studied for its role in producing the finely graded and sustained flexions responsible for abdominal posture (see Page, 1982, for review) . Thus, it may provide a convenient in vivo preparation in which to examine the physiological action and behavioral significance of specific peptide-containing neurons. Previous work has suggested a functional importance for proctolinergic motoneurons. Studies on the slow depressor motoneuron of the cockroach show that proctolin is released from this neuron along with its conventional transmitter, L-glutamate. Proctolin produces sustained contraction in the synaptically connected depressor muscle, 177d, independent of the more transient L-glutamate contraction and its paralleling membrane depolarization (Adams and O'Shea, 1983) . Thus, proctolin may be responsible for enhancing and prolonging tension, an attribute that could be useful to slow, postural muscles. Immunohistochemical and Lucifer Yellow staining. Female New Zealand White rabbits were immunized subcutaneously with glutaraldehyde conjugates of synthetic proctolin (Sigma) to bovine serum albumin, emulsified with Freund's adjuvant. Serum titer, sensitivity, and specificity were checked by radioimmunoassay using proctolin to displace serum-bound radioiodinated proctolin. Details of the methods and characteristics of the sera raised have been described elsewhere (Bishop et al., 1981) . One of the antisera raised in this manner (no. 9 of Bishop et al., 1981) was used to visualize proctolin-like antigens in unsectioned whole ganglia, peripheral nerves, and muscles by the peroxidase-antiperoxidase technique (Sternberger, 1979) . Details of these methods are similar to those used to stain proctolin-like immunoreactive neurons in the cockroach and are described in detail elsewhere (Bishop and O'Shea, 1982) . Our present procedure differed from that used for cockroach in that 0.1 M sodium phosphate (pH 7.4) replaced the NaCl/Tris buffer (0.05 M Tris containing 0.9% NaCl, pH 7.6). Furthermore, all concentrations of the detergent Triton X-100 were increased lo-fold. The phosphate buffer was found to produce a better signal to noise ratio by lowering the background coloration. Increased Triton X-100 enhanced antisera penetrability. Immunoreacted peripheral nerves were occasionally embedded in Durcupan plastic (Fluka) and sectioned (12 wm). All proctolin-like immunoreactivity in the crayfish was eliminated when the antiserum was preincubated with 0.5 mg/ml of synthetic proctolin or substituted with pre-proctolin-immunized rabbit serum. Three to five gelatin pellets containing 1% colchicine (Pitman, 1975) were sometimes placed in the abdomen of the crayfish 4 to 7 days prior to the dissection. This procedure enhanced cell body staining in the abdominal ganglia.
For combined Lucifer Yellow and immunohistochemical staining, cell bodies of the tonic flexor system were first backfilled with Lucifer Yellow. To backfill, abdominal nerve cords were removed and placed in a Sylgard-coated dish with the freshly cut end of the tonic flexor motor root isolated in a Vaseline pool of a 3% solution of Lucifer Yellow in distilled water. The rest of the nerve cord was kept submerged in van Harreveld's physiological solution (van Harreveld, 1936) . The preparation was kept at 4°C for 6 hr, then submerged in fixative. The fluorescing cell bodies filled with Lucifer Yellow were photographed while the uncleared tissue remained in fixative. The nerve cords were processed for immunoreactivity as described above, cleared, then examined again microscopically for residual Lucifer Yellow fluorescence and immunoreactivity.
Muscle extraction. Tonic flexor muscles were exposed from the ventral side of the crayfish. Muscles from segments 2 through 4 were eased away from their attachment sites, removed, and collected on dry ice. Tissue was homogenized in 1 ml of methanol/water/acetic acid (90:9:1) and centrifuged. The supernatant was transferred to another tube and evaporated at 70°C. The dried samples were redissolved in either locust isotonic physiological saline for bioassay or double-distilled water and run through a small C,n-containing SeaPak (Waters Associates) cartridge (Ada& and O'Shea, 1983 ). --Bioassay. An extremely sensitive and reliable proctolin bioassay was used to measure the amount of proctolin present in the muscles. The bioassay makes use of a myogenic oscillation in a small, specialized bundle of muscle fibers within the main extensor muscle of the locust hindleg (O'Shea and Adams, 1980; O'Shea and Bishop, 1982) . Proctolin produces a pattern of increased frequency and basal tone in this muscle, referred to as proctolin-like bioactivity (PLB) (O'Shea and Adams, 1980) . Threshold for this response is in the range of 10 to 100 pmol. A methathoracic leg of immature adult female specimens of the locust S. nitens was removed and dissected to expose the myogenic bundle in the proximal region of the femur. The exDosed bundle was bathed in 10 ~1 of isotonic-physiological locust saline (O'Shea and Adams, 1980) , and l-p1 aliquots of test solutions (standards and tissue extracts) were applied to the muscle. The small movements of the tibia produced by the myogenic fibers were monitored with a photoelectric movement detector. After each 1.~1 sample application and response, the muscle was washed with about 5 ml of isotonic saline prior to the next application. For quantification, the peak frequency of contractions attained in a response was compared on a standard curve to a similar response to proctolin. Proctolin-like bioactivity is, therefore, expressed equivalent to a given mass of proctolin. One preparation can be used to test as many as 100 1.~1 samples.
HPLC. Samples eluted from the Cls SepPak cartridge with 80% methanol were dried in a 70°C oven and then redissolved in either isotonic physiological saline for bioassay or chromatography solvents for HPLC purification. Extracts were chromatographed on a lo-pm Bondapak CIR reverse phase column (Alltech). A volatile liquid phase (50 rni amn&nium acetate, 15% acetonitrile, pH 4.5) was pumped at 1.5 ml/min, 1800 psi, and 0.3-min fractions were collected. Elution time of proctolin in this system was determined by chromatography of tritium-labeled proctolin ( [3H-Tyr2]proctolin).
Chromatographed fractions were bioassayed after evaporating the liquid phase under reduced pressure and redissolving each dried fraction in isotonic physiological saline.
Results
In crayfish, abdominal postural muscles that produce graded and sustained flexions are located just under the soft ventral exoskeleton in each bilateral half of the abdomen's first five segments (Fig. 1) . Each tonic flexor muscle consists of a thin sheet of approximately 40 muscle fibers and is innervated by its own purely motor root which contains one inhibitory and five excitatory axons, labeled fl to f6 according to the increasing size of their axons (Fig. 9B) . The inhibitory axon is the second largest, f5 (Kennedy and Takeda, 1965; Sokolove and Tatton, 1975) .
Processing with a proctolin antiserum revealed prominent immunohistochemical staining in axons in the tonic flexor motor roots of all five segments (Fig. 6 ). Staining was prevented by pre-incubating the antiserum with authentic proctolin. These results suggest that proctolin is present in the motoneurons of the tonic flexor muscles. To explore this possibility further, we checked proctolin-like immunoreactivity (PLI) on the tonic flexor muscles, PLB in muscle extracts before and after HPLC purification, and PLB after treatment with the proctolin antiserum.
We also examined PLB in extracts of muscles with severed tonic flexor motor roots. This operation promoted depletion of the peptide from motoneuron terminals by eliminating their cell bodies, where the peptide is presumably synthesized.
Proctolin immunoreactivity on the tonic flexor muscles. Staining in the tonic flexor motor root was traced to the tonic flexor muscle where immunoreactive axons branched ( Fig. 2A ). Branches were followed to smaller processes which terminated on muscles fibers. Darkly staining varicosities and blebs were distributed along these fine processes (Fig. 2B) . Immunoreactive terminals and blebs were closely associated with the individual muscle fibers (Fig. 2C) . Immunoreactive terminals were located on every muscle fiber of the tonic flexor muscle. All staining was eliminated by cutting the tonic motor nerve root 2 months prior to immunohistochemical processing. Proctolin bioactiuity in the tonic flexor muscles. We bioassayed extracts of isolated tonic flexor muscles and compared the results to those obtained with authentic proctolin. Figure 3A shows the response of the myogenic oscillator bioassay to the crude muscle extract. There is a close qualitative similarity between this response and that of authentic proctolin shown in Figure 3E . Both show an increase in basal muscle tone and the frequency of the myogenic rhythm.
Bioactivity was quantified by measuring the increase in frequency of the myogenic oscillator produced by extracts and proctolin standards. In the example shown in Figure 3A Normalizing for dry weight, the crayfish muscle contains 4.8 times the amount of PLB found in the cockroach muscle.
PLB extracted from the nerve/muscle preparation is associated with the tonic flexor motor terminals rather than with the muscle itself. Figure 3B shows the bioassay response of an extract from muscles contralateral to those used for the extract of Figure 3A . However, these muscles produced virtually no proctolin response in the bioassay because their tonic flexor motor roots were cut 2 months prior to extraction.
We ascribe this effect to depletion of proctolin from the motor innervation of the muscle.
Bioactivity to the muscle extract used in A of Figure 3 was eliminated by pre-incubating the extract with our proctolin rabbit antiserum (Fig. 30) but not with pre-immunized (normal) rabbit serum (Fig. 3C) . In these experiments, the serum or antiserum was mixed 1:X with the muscle extract. This further demonstrates the association between the PLB of the muscle and the PLI detected in the motoneurons.
We verified that the PLB in the crude muscle extract is due to authentic proctolin by HPLC purifying muscle extracts, bioassaying the eluted fractions, and comparing the results to a parallel fractionation of [3H]proctolin. Only one peak of bioactivity was detected in the eluted fractions (bars in Fig. 4) , and this peak cannot be separated from that produced by the ["Hlproctolin (circles in Fig. 4 ). After HPLC purification, 350 fmol/muscle of PLB were recovered. The closeness of this number to that measured for the crude, unfractionated extract indicates that all PLB measured in the crude extract of the tonic flexor muscle was due to authentic proctolin in the motor innervation.
Taken together, these results indicate that the proctolin located in the tonic flexor muscle is associated with the terminals of the tonic flexor motoneurons.
Which of the six motoneurons contain the peptide? The larger quantity of proctolin in the crayfish muscle compared to the cockroach and a distribution of immunoreactive terminals wider than the terminal field of any individual neuron (Velez and Wyman, 1978a, b) suggest that proctolin is present in more than one motoneuron. In the next section, we will examine the proctolin immunoreactivity of the six tonic flexor motoneurons and exploit the special features of the tonic flexor motor pool to identify which of these cells contains proctolin immunoreactivity. These features include: (I) the size and location of each soma are distinctive, (2) the axons runs alone in a purely motor root, and (3) the axon diameters are distinctively different from one another and are correlated with soma diameters (Kennedy and Takeda, 1965; Wine et al., 1974; Sokolove and Tatton, 1975) .
Proctolin immunoreactivity in three tonic flexor motoneurons. B, Crosscobalt backfills by Wine et al. (1974;  refer to summary diagram section through the abdomen indicating the relative positions of the in Fig. 9A ). The somata showing PLI are also equivalent in tonic flexor muscles to the nerve cord, exoskeleton, and other major size to fl, f3, and f4. Those described by backfill technique muscle masses. C, Dorsal view of nerve cord and tonic flexor muscle were 12 pm (fl), 31 pm (f3), and 38 Km (f4) Vol. 4, No. 8, Aug. 1984 b'igure 2. Proctolin-like immunoreactivity on the tonic flexor muscles. A, Composite of an immunoreactive axon from the tonic flexor root branching onto the muscle. Immunoreactive branches are indicated with arrow heads. Large nonimmunoreactive axons can be detected in the outlined tonic flexor root. B, Darkly staining varicosities and blebs are distributed along the terminals of an immunoreactive axon (arrow).
C,
Higher magnification of an immunoreactive axon terminal showing its close association with a tonic flexor muscle fiber. The arrow indicates two immunoreactive varicosities. Scale bars: 100 pm.
with colchicine and 30 that were treated were examined.) Two and 20 pm) and one small axon of 4 pm never stained with the were medium-sized (approximately 8 and 10 pm), and one was antibody. Immunoreactivity in the root was confined to motoa much smaller axon of 2 pm (Fig. 6) . We cross-sectioned ten neuron axons and never associated with the blood vessel or roots to compare the diameters of stained and non-stained axons (Fig. 7) . The two largest axons (average diameters of 15 other structures of the tonic flexor motor root. Thus, proctolin immunoreactivity is associated only with the two medium-sized axons and the smallest axon, or f4, f3, and fl. This result also correlates with the staining seen in the somata of the motoneurons.
Unfortunately, the caprice of the immunohistochemical staining made it impossible to trace stained axons to the stained somata. However, we were able to substantiate that one immunoreactive soma was the tonic flexor motoneuron, f3, by double labeling with Lucifer Yellow and the proctolin antiserum. We identified the soma of f3 by first backfilling it from the axon root with Lucifer Yellow and subsequently staining with the proctolin antiserum in 20 preparations.
An example is shown in Figure 8 . Although
Lucifer Yellow fluorescence in f3 is quenched after immunohistochemical processing and there is some tissue shrinkage, it was still possible to identify f3 by its shape and position in the ganglion and its position relative to the residual fluorescence in other flexor motoneurons.
It should also be noted that the synaptic distribution of fl, f3, and f4 correlates with the distribution of staining found on the muscle. Figure 1C illustrates the synaptic distribution of fl, f3, and f4 (Clement et al., 1983) which is sufficient to account for the detected distribution of axon terminals over the entire muscle.
In summary, our results suggest that the tonic flexor motor pool may be subdivided into two populations, one of which contains proctolin (Fig. 9 ).
Discussion
We began this study knowing that proctolin is present in a skeletal motoneuron in the cockroach, where it exists as a neuromuscular co-transmitter and appears to enhance and prolong tension in a slow, postural muscle of the leg (O'Shea and Bishop, 1982; Adams and O'Shea, 1983) . We are interested in whether proctolin is used for analogous functions in other species.
We have now shown that proctolin also exists in a specific subpopulation of crustacean skeletal motoneurons, whose targets are likewise involved in postural control. These motoneurons innervate axial abdominal muscles which are not homologous with the cockroach appendage muscles. However, there are several functional similarities between the proctolinergic motoneurons of the two animals. For example, in both animals proctolin presumably coexists with another transmitter and may not itself cause EPSPs in the muscle fibers. For the crayfish, this is inferred by the fact that crayfish motoneurons isolated from their cell bodies continued to generate normal EPSPs for many weeks, long after all proctolin should be depleted (Hoy et al., 1967; Bittner, 1977) . For both animals, the classical excitatory neurotransmitter of motoneurons is thought to be L-glutamate (Takeuchi and Takeuchi, 1964; Kravitz et al., 1970; Evoy and Beranek, 1972; Usherwood, 1980) . It is also possible that proctolin generates sustained tension in the crayfish muscles, uncorrelated with membrane depolarization, similar to that generated in the cockroach muscle. Such sustained tension changes in the tonic flexor muscles have already been reported (Evoy et al., 1967; Gillary and Kennedy, 1969) . A proctolin function that is independent of membrane potential in this crayfish neuromuscular system, combined with our current notion that there are two populations of neurons in this system which are either proctolinergic or nonproctolinergic, may, in turn, shed light on the longstanding puzzle of polyinnervation of this muscle by neurons that appeared to be rather homogenous in their electrical effects. In this regard, it is interesting to note that no one excitatory motoneuron generally synapses on all tonic flexor muscle fibers. Together, however, members of each of the two motor pools contact all muscle fibers. It will be interesting to determine whether the linergic pool is differentially recruited by control motor programs.
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1982). The results reported here, -combined with our studies in Immunoreactivity in the largest staining axon is located around the periphery of the axon only in this preparation. Two large nonstaining axon profiles are indicated by the arrows. The smaller of the two is just out of focus. An unstained small axon profile is also present in this preparation but is undetectable in the plane of focus of this photograph. C, Camera lucida drawing of the six motoneuron axon profiles from this cross-section. Blackened axons indicate proctolin immunoreactivity. 
